The transient heat transfer rate from a free-falling large drop of molten lead to a cold plate surface maintained at about room temperature was experimentally estimated by solving the inverse heat conduction problem, taking into account the time variation of the area covered by the drop.
Introduction
In recent years, manyexperiments have been performed in rapidly quenching a metal from the liquid state. Probably the most widely used technique is the shock-tube method (splat-cooling method) of Duwez et af.2'3) This technique uses a shock wave to eject molten metal through a small hole in a crucible, atomizing the molten metal in the process. The atomized molten particles are small spherical droplets from about 0.001 to 0.050mm diameter.7) The individual molten particle accelerates and is made to impact on a cold, highly conducting plate, spreading into a thin film called a splat, about 0.001 mmthick.7) By such splat-cooling methods a number of previously unobtainable metastable structures have been produced, including new crystalline phases and amorphous alloys. The ability of cooling to produce these new structures is generally believed to be due to the high heat transfer rates attained.
However, little quantitative information about these rates has so far been published. 7 8) The major paper dealing with splat-cooling rates is that of Predecki et ai1] They measured the change in splat temperature with time by means of a suitable thermocoupledevice connected to an oscilloscope and consisting of two dissimilar metals (nickel/silver) set close to one another in an insulating cold plate. The average cooling rate, heat transfer coefficients and solidification rates were found in their work. However, the validity of these measurements is mainly dependent on whether or not the oscilloscope traces detected by the thermocouple represent the temperature change with time of individual droplets cooling on the cold plate. The question is whether or not the thermoelectric motive force generated could be directly replaced by splat temperature because a complicated network of thermoelectrical circuits is composedunder the condition that numerous droplets are arriving on the cold plate at different times and in different places. Furthermore, there are uncertain points in their paper such as the statement that a knowledge of the splat thickness is not necessary for the determination of the cooling rate and heat transfer coefficient. Ruhl8) showed the results of calculations of the splat cooling rate and reported that the variables with the greatest influence on the splat-cooling rate are splat thickness, interface heat-transfer coefficient and instantaneous splat temperature. Although a number of alloy systems have already been investigated by the splat-cooling technique, relatively little is known about the heat transfer mechanism of thin film formation and the physical conditions to obtain maximumcooling rates during solidification and cooling. This seems to be due to the difficulty of obtaining accurate information about transient temperature because the molten droplets handled were very small and the period of heat transfer was very short.
In this research, a very simplified experimental system in which a free-falling large1 drop of molten metal impinges on a cold plate was used. 
Experimental Apparatus and Procedure
The experimental setup is shown in Fig. 1 . A lead specimen weighing about 0.16 gram (the equivalent diameter is 3 mm)was melted on a carbon plate which was heated by a nichrome plate heater. The heating furnace consisted of the carbon plate and a glass cover was filled with argon gas to prevent oxidation of the molten specimen. The molten specimen was pushed down by a glass rod through a hole in the carbon plate and impacted on a cold surface comprising a conical copper block with a cylindrical portion of 7mmlength at the top. This surface was 15mmin diameter and was horizontal. A 0.03 mm-thick platinumfoil was attached to the top of this surface by a diffusion-bonding method and was polished with 6/0 emery paper. This platinum foil was soldered to a stainless bulge-shaped flange at the edge, about 10 mmdistant from the copper cylinder. The stainless flange and the edge of the conical copper block, having a 70mmbase diameter were cooled by circulating water. Thermal insulation was tightly packed around the block to reduce heat losses through the side surface of the cylinder.
A lead droplet was dropped from a height of 50 mm above the cold surface. Ahigh-speed camera was used for observing the behavior of a drop on the surface.
The time variations of the surface temperature from the moment when the drop impinged on the cold surface were measured with thermocouples welded to the central axis of the cylindrical part of the copper bloc. Four holes of 0.5mm diameter were drilled to the center line of the cylinder, with a vertical spacing of 1 mm. The distance from the upper surface of the cylindrical portion to the topmost hole was 0.25 mm. The hot junction of the thermocouples consisted of the copper block itself and a 0.05mm-diameter constantan wire spot-welded to the bottom of each hole. and the initial and boundary conditions to be satisfied are Tpt=Twi at t=0 (1-1) Tpt=Tw at z=0, 0^r^rc (1) (2) dT/dz=0 at z=0, rc^rSR (1) (2) (3) rpr=rwf at r=*, O^z^zo (1) (2) (3) (4) dT/dr=0 at r=0, 0^z^zo (1) (2) (3) (4) (5) The boundary conditions at the surface separating the platinum and the copper are
The governing equation of transient conduction in the copper block becomes
and the initial and boundary conditions to be satisfied are Tcu=Twi at t=0 (2-1)
Tcu=Twi at r=R, zo^z^zB (2-2) dTJdz=0 at z=zB, O^r^R (2) (3) rca=/(z) at r=0, zo^z^zB (2) (3) (4) The temperature distribution/(z) at r=0, z0^z^zB is determined by the least squares method assuming a polynomial of the third degree for the temperature profile on the basis of the measured values 7\, T29 T3 and T4. The temperature To is determined by extrapolation of the polynomial expression obtained by the least squares method, that is, /(zo)= To.
In the boundary condition (1-2), the surface temperature of the cold plate was assumedto be uniform and equal to the temperature Tw at z=0, r=0. The validity of this assumption was admitted by the fact that the temperature profile of T5 at the location (r= r2, z=z5 shown in Fig. 2 ) calculated on the basis of this assumption showed good agreement with the measured value at the same location. The temperature Twat z=0, r=0 can be calculated from Eq. (1) by using the boundary conditions (1) (2) (3) (4) (5) and (1) (2) (3) (4) (5) (6) (7) . In this calculation, the governing equations (1) and (2) are transformed into finite difference forms. 584 For example, considering the heat balance at the surface node separating the platinum and the copper, the finite difference form of the governing equation is written:
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In Eq. Then if the governing equations (1) and (2) are transformed into finite difference equations by energy balance, and if the measured temperatures and the instantaneous radius of the drop bottom which were read at every short time interval are introduced into the finite difference equations, the temperature within the copper block and the heat flux at that instant can be calculated. In this finite difference numerical calculation, the Crank-Nicolson method1) was adopted. In the numerical calculation, it is necessary to select the magnitudes of the time interval At and the finite thickness ra for convergence and tor absence ofoscillation at the interior nodes. Since the maximumallowable value of the time interval required for the surface node is smaller than that for the interior node, in this calculation thevalues ofAx=0.05 ms and ra=0.25 mm were adopted, considering the criterion for stability at the surface node.
As for the value of qw, the arithmetric mean value of the local heat flux calculated over the radius rc was adopted; that is,
where N is an integer nearly equal to rjra. 
VOL 21 NO. 6 1988 Fig. 4 , it seems that a part of the molten drop begins to solidify just after impingement and solidification is completed at the time when the drop reaches its maximum extension radius. Such heat transfer problems with solidification of a molten drop involve considerable difficulties. In this section, the author tries to estimate the change with time in thickness of the solidification layer based on a few assumptions. In general, for a low Prandtl number in the case of liquid metal the convection intensity near a solid surface is so damped down that the use of the conduction equation is justified in determining the temperature distribution in a thin layer of the liquid drop near the solid surface.
Let us consider an approximately transient onedimensional conduction problem in which the initial temperature distribution is uniform in a drop which suddenly undergoes a stepwise change in surface temperature at time t=0 (Fig. 7) . The governing equation is given by 
where 6S is the solidification temperature of the molten drop. The thickness S is equivalent to the distance from y=0 to the intersection of the straight line and the line of6=6S as shown in Fig. 7 . The latent heat transfer per unit area of fusion evolved in a time dx of metal of thickness dS solidifying on the cold plate is equated to the heat flux qw by conduction through the solidification layer. Thus:
where L is the latent heat of solidification. Here, it is practical to estimate not the transient but the time meanvalue ofqw. The time meanvalue qwis derived from Eqs. (15) K. These values agree approximately with those shown in Fig. 6 . Next, the following assumptions are made to estimate the cooling rate of the drop: a) although a temperature gradient exists in the drop, the average value of the temperature is represented as a uniform temperature 6min the drop; b) the thickness of the drop and its bottom radius are constant at any instant and are given by Eqs. (20) and (22), respectively; and c) the heat loss per unit time and area from the drop bottom to the cold plate is given by Eq. (23). According to the energy conservation principle, the rate of heat loss crossing the system boundary equates to the time rate of change of internal energy within the system. Then the following expression is obtained: 
Conclusions
The noteworthy points in the present study are as follows.
(1) After the molten lead drop impinges on the cold plate, the maximum increase in the surface temperature of the cold plate is about 6-10 percent of the initial temperature difference between the drop and the cold plate.
(2) The deformation behavior of a molten drop on the cold surface is similar to that of a water drop impinging on a very hot wall up to the completion of radial spreading.
(3) The time mean values of heat flux were found to be 1.6x l07-1.8xl07W/m2.
(4) The variable with the greatest influence on the cooling rate is the impinging velocity. Literature Cited
